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Summary
Objective: To examine the collagens in cruciate ligaments of young Dunkin-Hartley guinea pigs, to determine whether a change in specific
collagen types is an early feature of the spontaneous osteoarthritis (OA), which consistently develops in the medial compartment of the knee
in this strain.
Design: Collagen types I, II, III, IX, and XI were detected by immunofluorescence microscopy in the anterior and posterior cruciate ligaments
of animals at 3, 4–5 and 12 weeks of age. Type II collagen in PCL was further analysed by confocal microscopy or biochemical assay after
cyanogen bromide digestion, SDS-PAGE and immunoblotting. Interfibrillar proteoglycans were visualized by transmission electron
microscopy.
Results: Collagen types I and III formed the bulk of fibrous mid-ligament tissue in all animals. Typical cartilage collagens, types II, IX and XI,
were identified by immunolabeling where ligaments attached to tibial bone. Type II collagen, normally restricted to the fibrocartilage
attachment sites, was also found at separate foci in anterior fiber bundles of the posterior cruciate ligament in 12-week-old animals.
Biochemical data confirmed these observations which, together with electron microscopy showing large atypical proteoglycan structures,
suggested the deposition of fibrocartilage within the fibrous mid-ligament.
Conclusions: Cruciate ligaments, especially posterior cruciate ligament in Dunkin-Hartley guinea pigs synthesize cartilage-like matrix in
mid-ligament prior to the appearance of classical signs of OA. © 2002 Published by Elsevier Science Ltd on behalf of OsteoArthritis
Research Society International.
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Osteoarthritis (OA) is a heterogeneous condition character-
ized by structural and functional degradation of affected
synovial joints caused by extensive remodeling of bone and
permanent destruction of articular cartilage. The pathology
and mechanisms leading to destruction of cartilage, with
associated pain and impaired movement, have traditionally
dominated the attention of researchers. While many ques-
tions relating to this process remain unanswered, it is now
generally agreed that a complex interplay of cytogenic
factors brings about the enzymic degradation by chondro-
cytes, first of the interfibrillar proteoglycan matrix and then,
irreversibly, the collagen fibril framework of cartilage tissue.
However, advances in our knowledge of the process of
cartilage damage have unfortunately not led to a better
understanding of the underlying factors driving the devel-
opment of the disease process in OA. It is now accepted
that cartilage loss per se may not be the initiating factor
in the sequence of events leading to functional failure of
the joint.420The possibility that remodeling of bone might precede
cartilage loss in OA is not a new concept, but was first
identified more than 20 years ago1. A major disadvantage
in identifying early events in OA has been the difficulty in
locating and observing these stages in human joints.
Observation of OA in the knee joints of animals2,3, together
with developments in non-invasive techniques for imaging
human joints4 have recently confirmed that changes in the
subchondral bone, including thickening and sclerosis, take
place before cartilage erosion can be detected. A greater
recognition of the disease as a condition modulating the
entire joint has followed these discoveries. Biomechanical
instability of the joint, associated with altered loading pat-
terns, might thus be expected to affect indirectly all of the
constituent tissues of the joint.
Accordingly, several recent studies of OA have impli-
cated biochemical and biomechanical changes in cruciate
ligaments of the knee as causative factors which precede
the classical signs of disease5,6. The cruciate ligaments
represent the major interconnecting and stabilizing ele-
ments of the tibio-femoral articulation. They are dense
fibrous structures composed of tightly-packed collagen
fiber bundles, organized into fascicles, which are largely
responsible for the tensile properties of the tissue. Struc-
tural modification of the ligaments and particularly their
collagenous fascicular arrangement might thus be
expected to exert a significant effect upon joint homeo-
stasis overall. Supportive evidence is readily available
from clinical data, where anterior cruciate ligament injury
correlates strongly with the subsequent developmentReceived 7 September 2001; revision requested 31 October
2001; revision received 6 December 2001; accepted 8 January
2002.
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changes have been shown to be significantly increased in
the posterior cruciate ligament of arthritic knees undergoing
prosthetic replacement as compared to age-matched non-
diseased specimens8. In order to test the hypothesis that
ligament structure is compromised as an early event in the
sequence leading to joint dysfunction in OA, we examined
the collagenous matrix of cruciate ligaments in the knees
of male Dunkin-Hartley guinea pigs. These animals
have been shown to develop a temporally predictable,
spontaneous OA of the medial compartment of the knee
with high incidence that resembles histologically and
pathologically OA in humans9,10.BIOCHEMICAL ANALYSIS
The presence of type II collagen in the fibrous middle
zones of anterior and posterior cruciate ligament was
assessed by SDS-PAGE and Western blotting analysis of
cyanogen bromide (CNBr) tissue digests. Samples were
obtained by further dissection of two joint preparations from
each of the three age groups. Some additional samples
were recovered from specimen blocks frozen for cryosec-
tioning. As the monoclonal antibody CIIC1 does not detect
epitopes in type II collagen following CNBr digestion of the
collagen into its peptides, another monoclonal antibody
(AVT6E3) was used for the immunoblotting studies. The
monoclonal antibody AVT6E3 was raised against human
type II collagen CNBr peptides conjugated to keyhole
limpet hemocyanin. In our studies (data not shown), we
have shown that it cross-reacts with type II collagen iso-
lated from bovine, equine, porcine and rodent tissue andMaterials and methods
ANIMALS AND TISSUE ACQUISITION
A medial compartment OA of the knee has previously
been demonstrated in the Dunkin-Hartley strain of guinea
pig, appearing first as focal odema of bone marrow below
cruciate ligament insertion sites into bone. The lesion
progresses with sclerosis of subchondral tibial bone, the
appearance of cysts in trabecular bone and osteophytes,
until fibrillation and loss of tibial cartilage occurs in 100% of
male animals by 18 months of age9,11.
A total of 24 male Dunkin-Hartley guinea pigs were used
in the present study. Tissues were obtained from three
groups of eight animals of 3, 4–5 and 12 weeks of age with
mean weights of 180 gm, 220 gm and 650 gm, respect-
ively. Animals were killed by cervical dislocation or Euthatal
overdose, for those at 12 weeks of age. The knee joints
were first exposed, by paring away overlying skin and
muscle. The intact joint, complete with tibial plateau and
femoral condyles was then removed by cutting through
distal femur and proximal tibia with a rotary diamond saw.
Under a Zeiss Stemi 100 dissecting microscope, patella,
collateral ligaments, meniscal cartilages and associated
tissues were removed. Anterior and posterior cruciate liga-
ments were then carefully separated from their femoral
attachments. Lateral and medial portions of tibial plateau
were removed with a scalpel to leave a median sagittal
slice through the central tibial plateau bearing the two
cruciate ligament attachments intact. This specimen was
processed further for routine histological examination,
immunofluorescence light microscopy, transmission
electron microscopy or biochemical analysis as follows.HISTOLOGY
Four joint specimens from each age group, prepared as
described above were fixed for 24 h in neutral buffered
formal saline prior to dehydration and embedding in paraffin
wax. Sections 7 m thick were stained with hematoxylin
and eosin for light microscopical examination using a Leica
DMRB photomicroscope.IMMUNOFLUORESCENCE MICROSCOPY
A total of eight joint specimens from each age group
were cryofixed by plunging into liquid nitrogen-cooled iso-
pentane. Using a Bright cryostat, frozen sections,
10–12 m thick, were cut in the sagittal plane, to include
both anterior and posterior cruciate ligaments plus theirtibial attachments, and mounted on glass slides coated with
Biobond (British Biocell International, Cardiff).
To determine the distribution of different collagens within
ligaments and their tibial attachments, thawed sections
were exposed to the following panel of anticollagen anti-
bodies:
(1) polyclonal anti-type I collagen raised in goat
(2) monoclonal anti-type II collagen (CIIC1)
(3) polyclonal anti-type III collagen raised in goat
(4) monoclonal anti-type IX collagen (anti-M)
(5) monoclonal anti-type XI collagen
Antibody (2) was developed by R. Holmdahl and K.
Rubin and is available from the Developmental Studies
Hybridoma Bank maintained by the University of Iowa. The
remaining antibodies are the same as those used
previously12–14 and have been extensively characterized
by ELISA and Western blotting to exclude cross-reactivity
to other collagen types and fragments.
In some cases (3, 4 and 5), sections were pretreated
with 1–2 mg/ml bovine testicular hyaluronidase enzyme at
4°C or at room temperature, overnight or for 2 h, respect-
ively, to facilitate antibody penetration. After exposure to
primary antibodies for 2 h, excess antibody was removed
by extensive washing of sections in phosphate buffered
saline (PBS) containing 1% BSA, prior to incubation with
secondary (antispecies) antibodies conjugated to fluores-
cein isothiocyanate (FITC), as follows:
(1), (3) rabbit antigoat IgG FITC (Sigma)
(2), (4), (5) goat antimouse IgG FITC (Sigma)
Control sections were incubated with appropriate non-
immune sera or in PBS/BSA omitting the primary antibody
to test for non-specific binding of secondary antibodies.
After further washing the sections were mounted in
Vectashield mountant (Vector Laboratories), without or with
propidium iodide to label nuclear DNA in ligament cells and
examined by phase contrast or fluorescence optics using a
Leica Laborlux microscope. 3-D reconstruction of one
example of posterior cruciate ligament after CIIC1 antibody
staining was carried out from image sets obtained using
a Molecular Dynamics Sarastro 2000 laser scanning
confocal microscope with a Silicon Graphics Iris Indigo
workstation running Molecular Dynamics image space
software.
Bar=100 m.
422 R. D. Young et al.: Type II collagen in cruciate ligamentthat it is directed specifically against an epitope in the CNBr
peptide CB8 from type II collagen. Thus, immunoreactive
bands detected on a Western blot include CB11,8 and
other incompletely digested CNBr digestion products con-
taining CB8. AVT6E3 has no reactivity against other colla-
gens except for type XI collagen, which contains, in
common with type II collagen, an -chain arising from the
COL2A1 gene.
Samples of intact ligament tissue isolated from ‘mid
ligament’ sites were digested for 16 h at 30°C in formic acid
(70% (v/v)) containing 1 l CNBr (1 g/ml in acetonitrile) per
mg wet weight of tissue. Following dilution of the digests
with distilled water and lyophilization, the digests were
dissolved in SDS-PAGE sample buffer and heated at 60°C
for 30 min. The digests were then resolved by SDS-PAGE
on 12% polyacrylamide gels and electrotransferred onto
PVDF membrane (Millipore). Membranes were incubated
with Tris-buffered saline (TBS) containing 3%(w/v) dried
milk powder to block non-specific binding sites, followed
by incubation with AVT6E3 antibody diluted in TBS and
subsequently, secondary horseradish peroxidase-labeled
antimouse immunoglobulin (Sigma). In between each
incubation and before detection, the membranes were
washed extensively in TBS containing Tween 20 (0.1%(v/
v)). Finally, membranes were incubated with enhanced
chemiluminescence reagents (ECL, Amersham) and the
resulting chemiluminescence detected on Hyperfilm-ECL
(Amersham).Results
HISTOLOGY
Histological examination of sectioned guinea pig knee
preparations showed the posterior cruciate ligament to be a
longer more slender structure than its anterior counterpart.
In other respects, anterior and posterior ligaments had
similar structure, dominated by bands of eosinophilic colla-
gen fibers running parallel to the ligament long axis. Both
ligaments contained few capillaries and were surrounded
by a fibrous connective tissue sheath [Fig. 1(A)]. Cruciate
ligaments were highly cellular with numerous elongate
fibroblastic cells situated along the collagen fibers. CellsFig. 1. Histology of guinea pig cruciate ligaments. (A) Sagittal section through the anterior (acl) and posterior (pcl) cruciate ligaments of the
guinea pig knee showing attachments, via fibrocartilaginous zones (fcz), to subchondral bone (sb) of the tibia. Stained with haematoxylin and
eosin. Bar=500 m. (B) Higher power view of posterior cruciate ligament attachment site to tibia showing proximal ligament proper (pcl),
columns of rounded chondrocytic cells (arrows) in fibrocartilage zone and subchondral bone (sb). Stained with haematoxylin and eosin.ELECTRON MICROSCOPY
In order to examine the organization of proteoglycans
associated with cruciate ligament collagen fibrils, samplesof full thickness anterior and posterior ligament were iso-
lated and prepared for transmission electron microscopy.
Two joint specimens from each of the animal age groups
were utilized for these studies. Samples approximately
0.5 mm in length were dissected from sites identified as
tibial ‘attachment region’ and ‘mid-ligament’, approximately
half-way between tibial and femoral attachment sites along
the ligament longitudinal axis. These were fixed by immer-
sion in 2.5% glutaraldehyde in 25 mM sodium acetate
buffer containing 0.1 M magnesium chloride and 0.05%
cuprolinic blue (Polysciences Inc, Warrington, PA) for 18 h
at room temperature. After washing in buffer, samples were
processed through 0.1% aqueous and ethanolic sodium
tungstate solutions, before dehydration, embedding in
Araldite resin and sectioning in a plane parallel to the long
axis of the ligament. Sections were collected on copper
grids and stained with uranyl acetate prior to examination in
a Philips EM208 electron microscope.
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cartilaginous transitional region of the ligament where
ligament proper attached to the cortical bone of the tibia
[Fig. 1(B)].Discussion
The cruciate ligaments play a major role in maintaining
the stability of the knee joint, traversing the joint space and
inserting into tibial and femoral bones via specialized
fibrocartilage attachments. Injuries to the anterior cruciate
ligament have a significant influence upon the subsequent
development of OA, both in affected knees of human
patients7,15,16, and in experimentally manipulated joints of
animals17,18. The hypothesis underlying this study is that
an alteration in the phenotypic expression of collagens in
the cruciate ligaments may be one of the earliest
events affecting joint stability, which leads ultimately to the
degenerative changes seen in idiopathic OA.
Only recently have specific differences between anterior
and posterior cruciate ligaments been investigated. Theor-
etical and experimental studies of the biomechanical prop-
erties of cruciate ligaments have underlined the complexity
of the fascicular architecture of the collagenous extracellu-
lar matrix19,20. Fiber bundles in different axial locations
within the two cruciates may be subject to very different
extents of loading according to the rotational or flexionalIMMUNOHISTOCHEMISTRY
3-week-old animals
Type I collagen immunofluorescence was intense
throughout the full length of both anterior and posterior
cruciate ligaments, including their attachments to tibia [Fig.
2(A),(G)]. Ligament sheaths and subchondral bone also
showed a positive signal with anti-type I collagen antibody.
Type III collagen appeared to co-localize with type I with
strong immunofluorescence again present throughout both
cruciate ligaments [Fig. 2(b),(h)]. Type II collagen was
detected in the fibrocartilage region associated with the
attachments of posterior and anterior cruciate ligaments to
tibia. This appeared as a discrete line of fluorescence at the
ligament–bone interface with an irregular diffuse signal
within adjacent calcifying tissue, continuous with fine tufts
extending up to 200 m along collagen bundles into the
body of the ligament itself [see Fig. 2(C)]. Collagen types IX
and XI were also found to be restricted to the fibrocartilage
zone, appearing as a narrow band of diffuse immuno-
fluorescence across the ligament attachment region [Fig.
2(E),(F)].4–5-week-old animals
Collagen immunolocalization in this experimental group
closely resembled that seen in 3-week-old animals. Colla-
gens I–III, IX and XI were all detected with distributions as
described above. [Data not shown, except for type XI
collagen; Fig. 2(F)].12-week-old animals
Older animals revealed distributions of types I, III, IX and
XI collagens again as already described. However, the
localization of type II collagen was found to exhibit several
differences from that identified in 3- and 4–5-week-old
animals. First, the zone of type II immunofluorescence at
the fibrocartilaginous attachment site was increased and
extended further into the body of the ligament [Fig. 2(D)]. In
addition, particularly within the posterior cruciate ligament,
type II was found at discrete foci within the middle region of
the ligament, quite separate from the fibrocartilaginous
zone [Fig. 2(J)]. No type II collagen could be detected in the
central portion of posterior or anterior ligaments in 3- or
4–5-week-old animals [see [Fig. 2(I)]. Summation of serial
images from laser scanning confocal fluorescence
microscopy through an approximately 200 m slice of the
posterior cruciate in 12-week-old animals confirmed the
presence of type II collagen at a mid-ligament location,
unassociated with type II present at the tibial attachment
site (Fig. 3).
In all cases, control preparations were negative when
examined under identical conditions.BIOCHEMICAL ANALYSIS
Immunoblotting of CNBr digests of mid region anterior
and posterior cruciate ligament tissue isolated from12-week-old animals confirmed the presence of type II
collagen, when compared to a purified porcine type II
collagen standard (Fig. 4). AVT6E3 recognizes an epitope
within the CB8 peptide of type II collagen (Standard, right
lane in Fig. 4). Apart from CB8 itself, the immunoreactive
bands detected on a Western blot include CB11,8 and
other incompletely digested products of CNBr treatment
that contain CB8. The same pattern of bands was evident
in the ligament sample as was present in the standard that
had been prepared from pepsinized, purified porcine type II
collagen. Therefore, despite the predominance of other
types of collagen in the ligament samples, AVT6E3 was
very specific in its detection of type II collagen. Type II
collagen was detected in all of the five posterior cruciate
ligament samples analysed. A lesser amount of type II
collagen was evident in the anterior ligaments and was
undetectable in three of these five samples.ELECTRON MICROSCOPY
Fixation of cruciate ligament in the presence of the
cationic dye cuprolinic blue permitted visualization of pro-
teoglycans as electron dense complexes. In the mid region
of cruciate ligaments from 3- week and 4–5-week-old
guinea pigs, complexes appeared as uniform thread-like
filaments and were regularly attached to the collagen fibrils
within the gap zone of the periodic banding pattern [Fig.
5(A)]. Proteoglycan–collagen associations were compared
in anterior and posterior cruciate ligaments taken from
12 week-old guinea pigs in which mid-ligament type II colla-
gen deposition was present. In anterior ligament, the pat-
tern of cuprolinic blue proteoglycan complexes resembled
that seen in younger animals [Fig. 5(B)]. This pattern was
also present in posterior ligament. However, in addition,
posterior ligament displayed a more heterogeneous stain-
ing pattern with both thicker, rounded structures and
thread-like filaments [Fig. 5(C)]. The larger cuprolinic blue
deposits showed less regular associations with individual
collagen fibrils. They were abundant at the borders of
collagen fiber bundles and within bundle interstices, where
they often appeared to be unassociated with adjacent
collagen fibrils [Fig. 5(D)].
424 R. D. Young et al.: Type II collagen in cruciate ligamentposition of the knee joint. As yet no specific structural
adaptations have been identified defining the functions of
individual orientated fiber bundles in relation to different
loading conditions. However, regional variations in matrixorganization are known to be present at different sites
along the ligament axis. Collagen density is lower in human
anterior compared to posterior cruciate ligament, with both
exhibiting higher collagen mass per unit volume in theirFig. 2. Immunofluorescence localization of collagen types in guinea pig posterior cruciate ligament. Fibrous part of ligament near attachment
(pcl); fibrocartilage zone of ligament attachment to tibia (fcz); fibrous mid-ligament site (ml); subchondral bone (sb). (A) Type I collagen
immunolabeling in posterior cruciate ligament, tibial attachment site and subchondral bone in 3-week-old animal. (B) Type III collagen
immunolabeling in posterior ligament and attachment site in 3-week-old animal. (C) Type II collagen in fibrocartilage at tibial attachment of
posterior cruciate ligament in 3-week-old animal. (D) Type II collagen in fibrocartilage at tibial attachment of posterior ligament in 12-week-old
animal. (E) Type IX collagen distribution in fibrocartilage at tibial attachment of posterior cruciate ligament in 3-week-old animal. (F) Type XI
collagen in fibrocartilage at tibial attachment of posterior cruciate ligament in 4–5-week-old animal. (G) Intense labeling for Type I collagen
in mid-posterior cruciate ligament of 12-week-old animal. (H) Labeling for Type III collagen in mid-posterior cruciate ligament of 12-week-old
animal. (I) Fluorescence labeling is negative in the mid-region of posterior cruciate ligament of 4-5-week-old animal after exposure to
anti-type II collagen antibody. Ligament cells are revealed by nuclear labeling with propidium iodide. (J) Type II collagen immunolabeling in
mid-region of posterior cruciate ligament of 12-week-old animal. Bar=250 m.
Osteoarthritis and Cartilage Vol. 10, No. 5 425anterior bundles21. Collagen fibril diameters also vary sig-
nificantly between the two ligaments and also within each
one, depending upon axial location and age22,23.
It is now evident that cruciate ligaments also exhibit
considerable heterogeneity in terms of their specific
collagen-type composition. In guinea pigs at all ages exam-ined in the present study type I collagen, together with type
III, was located in the main fibrous part of both anterior and
posterior ligaments. This concurs with earlier studies on
other species where, in addition, types V and VI collagens,
plus minor amounts of type XII in bovine medial collateral
ligament, have been identified24–26. Type IV collagen is
also present, associated with the vascular supply, which is
more profuse in the posterior cruciate ligament24. Ligament
attachments represent highly specialized transitional struc-
tures between the flexible, soft tissue of ligament proper
and the mineralized matrix of bone. In the guinea pig, these
regions resemble fibrocartilage, as reported in other
species and contain types II, IX and XI collagens, which are
conventionally considered to be specific to hyaline carti-
lage. Biochemical studies of bovine cruciate ligament
attachments have also revealed cartilage collagens at
these sites27. In addition, other minor collagens, including
types X and XIV, have been detected at the ligament–bone
interface in bovine medial collateral ligament25,28.
Type II collagen was previously identified at fibrocarti-
laginous attachment sites of tendons and ligaments in the
rat knee joint29,30 and found to spread into the associated
fibrous tissue with age31,32. However, a significant finding
in the present study is the appearance of extensive regions
of type II collagen within the central fibrous portion of the
posterior cruciate ligament in older animals. Type II colla-
gen deposition at this location is separated completely from
that associated with the tibial and femoral fibrocartilage
attachment regions and is restricted essentially to the
anterior intraligamentous fiber bundles. Biochemical analy-
sis confirmed the presence of type II collagen in all five
posterior ligaments examined and in three out of five
anterior ligaments. This is the first report describing such
an extensive distribution of type II collagen in cruciateFig. 3. Five-field montage reconstruction of approximately 200 m thick optical slice of posterior cruciate ligament in 12-week-old guinea pig
from confocal microscopy images with immunolocalization for type II collagen. The mid-point of the ligament (total length 3.6 mm), is shown
by the asterisk (*). Type II collagen is intensely labeled at the fibrocartilaginous attachment of ligament to tibia. In addition, type II collagen
is present focally in the antero-medial fiber bundles in the central part of the ligament extending towards, but separate from, the distal
attachment to tibia. FITC shown by computer-enhanced color. Bar=150 m.Fig. 4. Immunoblot of cyanogen bromide-digested anterior (A) and
posterior (P) cruciate ligaments from 12-week-old guinea pigs
using monoclonal antibody AVT6E3 against type II collagen. Por-
cine type II collagen is included as a standard (S). Positive staining
bands representative of type II collagen are present in all five lanes
from posterior ligament digests and in two of five from anterior
ligaments.
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gen to be limited to the fibrocartilaginous attachment sites.
In one exception, Petersen and Tillmann33 demonstrated
type II collagen in a survey of anterior and posterior
cruciate ligaments from 25 normal human subjects. In the
central region of posterior ligament, type II collagen was
restricted to the pericellular zones of chondrocytic cells
surrounded by type I collagen of the ligament axial fibrils. In
contrast, type II collagen in guinea pig posterior cruciate
ligament appears as skeins of fibrillar deposits apparently
associated with the major type I/type III component of the
extracellular matrix. It is unknown whether type II collagen
in this location is present as homotypic or heterotypic
fibrils—either as unique hybrid fibrils with type I collagen, ortogether with type III, as recently observed in human
articular cartilage34. Our inability to detect types IX and XI
collagen in association with mid-ligament type II suggests
disco-ordinated regulation of the synthesis of these ‘carti-
lage collagens’, similar to that reported in organ cultures
and chondrocyte suspension cultures of canine osteoar-
thritic cartilage35. Type II collagen was inconsistent in
biochemical analysis of the anterior ligament of the guinea
pig and was not detectable by immunohistochemical
methods. In contrast, Petersen and Tillman33 were able to
localize type II collagen in the anterior fibers of the human
anterior cruciate by immunohistochemistry.
The presence of type II collagen suggests fibrocartilage
formation in central ligament. Supportive evidence for thisFig. 5. Electron microscopy of guinea pig anterior and posterior cruciate ligament mid regions showing proteoglycans complexed with
cuprolinic blue dye. (A) Regular associations of filamentous proteoglycans (arrows) along collagen fibrils in longitudinal section in posterior
cruciate ligament of 3-week-old animal. (B) Anterior cruciate ligament of 12-week-old animal showing regular associations of filamentous
proteoglycans (arrows) attached to collagen fibrils viewed in longitudinal section. (C) Posterior cruciate ligament of 12-week-old animal
displays both filamentous and larger, rounded proteoglycan-dye complexes (arrows) associated with collagen fibrils in longitudinal section.
(D) In posterior cruciate ligament of 12-week-old animal, between adjacent collagen fiber bundles, large proteoglycan-dye complexes are
abundant and appear unbound to collagen. Bars=500 m.
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tron microscopy of interfibrillar proteoglycans complexed
with the cationic dye, cuprolinic blue. At sites of type II
collagen deposition, much larger, rounded proteoglycan-
dye complexes were located, compared to the filamentous
structures seen in anterior cruciate and areas of unaffected
posterior cruciate ligament. These are reminiscent of struc-
tures seen in fibrocartilage and in hyaline articular cartilage
and arise from the collapse, during tissue processing, of
large glycosaminoglycan aggregates on to their respective
protein cores. The small, leucine-rich proteoglycans deco-
rin and biglycan, typical of ligament and tendon, are
thought to be largely bound to collagen fibrils36. The
presence of larger structures unattached to fibrils, in par-
ticular within the compartment between fiber bundles,
together with type II collagen synthesis is consistent with
the deposition of a cartilage-like matrix within the ligament.
It is unclear how these molecular changes relate to the
organization of ligament at the fascicular level, but they
may contribute to some of the reported differences in
collagen density and fibril diameter21,23, via effects on
fibrillogenesis.
The development of fibrocartilage, characterized by type
II collagen and large proteoglycan deposition in fibrous
tissue, occurs in response to intermittent compressive and
shearing forces33,37. This process appears to be especially
prominent where soft tissues impinge upon bone. Thus
type II collagen in anterior bundles of the human anterior
cruciate was interpreted as a response to compression of
the ligament on the anterior rim of the intercondylar fossa
during extension of the knee33. These authors suggested
that pericellular deposits of type II collagen in the mid-
central portion of the posterior cruciate ligament arise in
response to compressive forces generated during twisting
of the ligament as the knee moves through flexion to
extension and during rotational movements. In the guinea
pig, type II collagen appeared to be inconspicuous in the
anterior cruciate, yet extensive in the posterior cruciate
ligament. These differences may reflect the different
geometry of the animal knee during extension and flexion,
which would conceivably subject component tissues of the
joint to different compressional forces from those occurring
in human knee joints.
Deposition of fibrocartilage in central ligament was not
present in young animals, but appeared in animals at 12
weeks, thus preceding the earliest signs of cartilage ero-
sion, which progress to full-thickness loss between 4 and
12 months of age38. Fibrocartilage deposition would be
expected to alter the mechanical properties of cruciate
ligament, increasing its stiffness and modifying the trans-
lation of loading across the femoro-tibial articulation.
Remodeling of subchondral bone at cruciate ligament
insertion sites was previously detected in guinea pigs
before cartilage degradation became evident11. It is con-
ceivable that ligament stiffening could precede, and thus
provide a stimulus for, these early bone changes, with
important consequences for joint stability and the develop-
ment of OA. Alternatively, ligament chondrogenesis may be
a response to bone remodeling processes already under
way. The signaling mechanisms controlling chondrogen-
esis in fibrous tissues, such as ligament, are not known, but
are likely to be complex. Endogenous fibroblasts of spinal
ligaments have been shown to respond experimentally to
bone morphogenetic protein (BMP)-2 by chondrocytic
transformation and type II collagen deposition in murine
ligamenta flava39. Ligament-reactive modulatory cytokinesReferences
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